Particulate matter (PM) pollution on the peripheries of rapidly expanding megacities in China can 2 be as serious as in the cities due to direct emission and transport of primary PM from cities and 3 effective formation of secondary PM. To investigate the emission and formation of PM on the 4 periphery of Guangzhou (a megacity in southern China), a suite of real-time instruments were 5 deployed at Panyu, downwind of Guangzhou, for PM measurements from November to December 6 2014. Dominated by organics, PM 1 (particles with diameter less than 1 µm) concentrations in 7
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Particulate matter (PM) pollution on the peripheries of rapidly expanding megacities in China can 2 be as serious as in the cities due to direct emission and transport of primary PM from cities and 3 effective formation of secondary PM. To investigate the emission and formation of PM on the 4 periphery of Guangzhou (a megacity in southern China), a suite of real-time instruments were 5 deployed at Panyu, downwind of Guangzhou, for PM measurements from November to December 6 2014. Dominated by organics, PM 1 (particles with diameter less than 1 µm) concentrations in 7
Panyu were higher (average ~55.4 µg/m 3 ) than those in nearby cities such as Hong Kong and 8
Shenzhen. Five sources for organic aerosols (OA) were resolved by positive matrix factorization 9
(PMF) analysis with the multilinear engine (ME-2). These sources are hydrocarbon-like organic 10 aerosol (HOA), cooking organic aerosol (COA), biomass burning related organic aerosol (BBOA), 11 as well as semi-volatile oxygenated organic aerosol (SVOOA) and low-volatile oxygenated 12 organic aerosol (LVOOA). The use of the COA mass spectrum obtained in our earlier study at a 13 urban site in Hong Kong as a constraining factor in ME-2 produced the most interpretable results 14 for the Panyu dataset. Freshly emitted HOA contributed 40% to the high concentrations of organics 15 at night. The mass concentration of SOA (SVOOA+LVOOA) continuously increased as odd 16 oxygen (O x = O 3 + NO 2 ) increased during daytime, attributable to the secondary production of PM 17 facilitated by photochemistry. The SOA-to-O x ratio was higher than those reported in previous 18 studies in North America (covering the period from spring to summer), indicating efficient 19 photochemical production of SOA even in late autumn and early winter at this subtropical 20 downwind site. The efficient SOA formation during daytime was likely fueled by the sufficient 21 SOA precursors in the atmosphere. The large input of NO x , which tracked well with HOA from 22 automobile emissions, resulted in the significant formation of nitrate in both daytime and nighttime. 2-]) were observed. Higher partitioning of nitrate into the gas phase was found in November 25 than in December, likely due to the lower temperatures in December. Results from this study 26 suggest that there is much room to mitigate the PM pollution in urbanized areas such as Guangzhou, 27 as well as their peripheries, by reductions in traffic-related pollutants. 1.4 for organics were used. The ammonium RIE of 4.7 was chosen as the average from IE 115 calibrations. To account for particle losses within the instrument, a particle collection efficiency 116 factor (CE) was used. The influence of RH in this study is considered minor, as a diffusion drier 117 kept the sampling line RH consistently below 30%. Under these conditions, the Middlebrook 118 parameterization would suggest a CE of ~45-50% based on the measured inorganic constituents. 119
However, organic compounds, less bouncy than inorganics, dominated at the measurement site. 120
They may also hinder the complete efflorescence of particles in the drier and further reduce the 121 particle bounce effect and increase the particle collection efficiency. The mass concentrations of 122 PM 1 (sum of NR-PM 1 and BC) were comparable to those of PM 2.5 with a slope of 1.1 and Pearson 123 correlation coefficient (R p ) of 0.95 (Fig. S2a) when using a CE of 0.7. Furthermore, total AMS 124 organics were also correlated with organic matter (OM) concentrations derived from the OC 125 measurements ( Fig. S2b ) with a slope of 1.1 and R p of 0.82. The OC to OM conversion was 126 calculated by organic matter to organic carbon ratio (OM:OC) data from the HR-ToF-AMS 127 elemental analysis. AMS-measured sulfate, nitrate, and ammonium were comparable to those 128 measured by MARGA with slopes of 1.0, 0.9, and 0.7, respectively. These comparisons supported 129 a choice of CE = 0.7 is appropriate for the OA-dominating NR-PM 1 in this study. 130
Source apportionment for OA was performed by the newly developed ME-2 and controlled via 131 the interface SoFi coded in Igor Pro (Canonaco et al., 2013). Fully unconstrained runs (PMF) were 132 first explored. However, the three-factor solution suffers from mixing of factors of the HOA factor 133 with the cooking organic aerosol (COA) factor (Fig. S3) , as well as SVOOA with biomass burning 134 related organic aerosol (BBOA) factor. The four-factor solution splits highly oxidized low-volatile 135 OOA (LVOOA) into two sub-factors ( is allowed, while a value of 1 means 100% deviation is allowed. Several source profiles from 144 previously reported HR-ToF-AMS data with different a values were explored. However, some 145 ions were missing from the reference source profile when compared with our dataset. For these 146 ions, the signal intensities were estimated based on the unit-mass-resolution (UMR) source profile 147 from the average of multiple ambient data sets (Ng et al., 2011) as follows: 148
(1); 149 k= I UMR(total) /I HR (total) (2). 150
where I m/z is the signal intensity of the missing ions in the reference profile; k is a correction factor, 151 derived from the ratio of total signal intensities in the UMR and HR profiles, which accounts for 152 the difference in total signal intensity between the profiles; I UMR(m/z) is the total signal intensity at 153 UMR level for the missing ions in the UMR profile; and I HRrest(m/z) is the sum of the signal 154 intensities of the rest of the ions from HR reference profile that shares the same integer m/z as the 155 missing ions. For these ions, whose intensities are derived from the above equation, an a value of 156 1 (100% deviation) was used. 157
To tackle the problem of mixing of traffic and cooking source in our PMF runs, we used the ME-158 2 solver with reference HOA and COA mass spectra adopted from the Paris campaign (Crippa et  159 al., 2013). The a values, ranging from 0 to 0.5 in increments of 0.1, were tested. However, the 160 resolved-HOA factor contributed no more than 5% of total OA, and only exhibited a small morning 161 rush peak in the diurnal pattern (Fig. S5) . Furthermore, another factor was observed to share similar 162 features with the HOA mass spectrum (Fig. S5 ). This factor exhibited clear rush-hour peaks during 163 the morning and late afternoon, as with traffic-related pollutants (e.g. NO x and BC). Also, the mass 164 fraction of this factor is 3-4 times higher than the resolved-HOA factor (Fig. S5) . The factor was 165 observed, even with additional input for BBOA source profile and solutions with additional factors 166 (Fig. S5 ) and continued to persist even after several HOA source profiles were tested. Alternatively, 167
we directly extracted a local HOA source profile (HOA loc ) from the data set using a separate PMF 168 run in selected time series with peaks in organic mass concentration. Similar approach has also 169 been reported in by Fröhlich et al. (2015) . We performed PMF on a short-term peak in the organic 170 time series (Fig. S6) as well as on all of the short peaks with organic concentration above 30 µg/m 3 171 (Fig. S6 ). These two methods resolved similar mass spectra for local primary OA factors with 172 R uc =0.99 (Fig. S7a, S7b) . The results remain the same with even more factors (Fig. S7c) . We then 173 used the HOA source profile obtained from all of the short peaks with organic concentration above 174 30 µg/m 3 (HOA local_2 ) as the input HOA source profile. However, constrained HOA alone cannot 175 resolved an environmentally reasonable solution either (Fig. S8) . We then tried to added a COA 176 constrain. For COA source profile, we compared the COA reference from the Paris campaign 177 (Crippa et al., 2013) and the Mong Kok campaign in Hong Kong (Lee et al., 2015) . When the two 178 different COA source profiles were used in the ME-2 runs, similar COA (both in mass spectra and 179 time series) were obtained for the current dataset (Fig. S9) . The time series of the mass 180 concentration of the COA factors tracked well with that of the COA tracer ion (C 3 H 3 O + ) and had 181 clear mealtime peaks (Fig. S9) . The ME-2 runs using these two COA source profiles differed 182 We further run the ME-2 with the optimal conditions with 10 runs to explore the stability of 196 solution. The time series and mass spectra for each runs were quite steady ( Table S1 . suburban HKUST (1.54 and 1.55) but lower than those at urban sites in Shenzhen (1.81) and 244
Mong Kok (1.84). O:C and OM:OC ratios, on the contrary, are higher than those at the urban sites 245 and lower than that in Kaiping, but similar to those in Heshan and at HKUST. Overall, the 246 relatively low H:C ratio and high O:C ratio suggest that OA at this site has degree of oxygenation 247
higher than those at urban sites (e.g. Shenzhen), but lower than those at rural sites (e.g. Kaiping). 248
The degree of oxygenation reflects the characteristics of OA at the peripheries of urbanized areas 249 as a mixture of background air with urban recently formed secondary OA. 250
As shown in temperatures were also observed during this period (Fig. 1) . LVOOA also correlated well with 275 sulfate in time series, as both species are regional pollutants. On average, HOA, SVOOA and 276 LVOOA were the main sources of OA, made up 26%, 31% and 30% of the total OA respectively 277 (Fig. 5) . 278
279
The diurnal patterns of mass concentrations and fractions for the five OA factors are depicted in 280 December, respectively. The volume unit "sm" stands for volume under standard-temperature-313 pressure conditions. The slopes are higher than those reported in earlier studies during spring to 314 summer in North America (Table 2) , indicating efficient SOA photochemical production even in 315 late autumn and early winter at this subtropical site. Such a significant production of SOA might 316 have been fueled by photo-oxidation of large amounts of accumulated VOCs between the city and 317 this peripheral site of Guangzhou. Meteorological parameters can also influence the formation of 318 SOA in several ways. Such influences can be effective by changing SOA partitioning at high 319 temperature conditions, or promoting aqueous-phase chemistry at high liquid water content 320 conditions. The temperature effect on gas-particle partitioning did not appear to be important in 321 this study. Higher temperatures should favor the partitioning of SOA to the vapor phase, but higher 322 SOA mass loading was associated with higher temperature in our case (Fig. 7b) . In November, 323 LWC stayed in a relatively narrow range (Fig. 7c) when SOA experienced the drastic changes. In 324 December, LWC was lower than that in November, yet, SOA increased as LWC increased. The 325 enhanced LWC may facilitate the SOA formation in December yet influence was not clear in 326
November. Furthermore, there is no correlation between SOA/OA and LWC in either month. 327 the total nitrate we measured, both the variation and the concentration of the nitrate did not change 357 significantly after subtracting the organic nitrates. Furthermore, as shown in Fig. S2,  358 concentrations of nitrate from AMS were comparable to those from MAGRA, which uses 359 chromatographic speciation, with a correlation slope of 0.9 and a R p of 0.95. The influence from 360 organic nitrates in our calculation of total nitrate should be minor. Given the uncertainties 361 associated with each estimation, we prefer to use the raw HR-ToF-AMS nitrate concentration in 362 the following discussion. In Fig. 9 , the total nitrate is closely correlated with NO x during both 363 daytime and nighttime. At the same NO x , total nitrate increased as O x increased during daytime, 364 suggesting that NO x was photochemically oxidized to nitrate species. At night (Fig. 9b) concentration with a slope of 0.93 (Fig. 10) . In Fig. 11 , we also examined the relationship between 382 nitrate in PM 2.5 and excess ammonium, and alkali cations (Na + and Ca 2+ , mainly from soil dust 383 and sea salt particles, respectively). Results showed that nitrate tracked better with excess 384 ammonium than the alkali cations did. The slope of nitrate to excess ammonium was smaller than 385 1, indicating that ammonium was sufficient to neutralize the particulate nitrate. The molar 386 concentration of alkali cations was around 7-10 times lower than that of nitrate and their role in 387 stabilizing nitrate was negligible in our study. 388
The partitioning of nitrate between the gas and particle phases shows significant differences 389 between November and December (data points in Fig. 12 ). The average ratio of nitrate to HNO 3 390 (the slope of scatter plot) was 3.2 in November, compared to 7.8 in December. The NH 3 391 concentration in the gas phase was not a limiting factor as the concentration of NH 3 was even 392 higher in November (Fig. 11a) . Lower temperatures in December shifted the equilibrium toward 393 the particle phase, increasing the nitrate concentration in the particle phase (Fig. 12b ). Higher RH 394 or particle liquid water content favored the thermodynamic equilibrium to form particulate nitrate. 395
However, this effect fails to explain the gap between the different months ( Fig. 12 c,d) as the 396 higher nitrate to HNO 3 ratio (December data) was associated with the lower RH and LWC. Overall, 397 the differences in the ambient temperature may be the key factor causing the large difference in 398 N., Petäjä, T., Poulain, L., Saarikoski, S., Sellegri, K., Swietlicki, E., Tiitta, P., Worsnop, D. R., 488
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